To understand the structures of uncharacterized black tea polyphenols, the oxidation products of (−)-epigallocatechin were investigated. Enzymatic oxidation and subsequent heating of the reaction mixture afforded four new oxidation products (6, and 9-11) along with theasinensins C and E (5), dehydrotheasinensin E (12), epitheaflagallin, hydroxytheaflavin, and desgalloyl oolongtheanin. The structures of the new compounds were determined chemically and spectroscopically. Isotheasinensin E (6) is a C-2 epimer of 5, and compounds 9 and 10 are oxidation products of 12. Another new compound, 11, is a yellow pigment and presumed to be a degradation product of proepitheaflagallin. The results disclosed new oxidation mechanisms that occur during black tea production.
Results and discussion
In this study, a Japanese pear fruit homogenate was used as the enzyme source, because it has strong catechin oxidation abilities and yields practically no oxidation products derived from its own constituents. 17 The homogenate was therefore directly applied to a large-scale model tea-fermentation experiment without purification of the enzymes. The reaction procedure was simple: an aqueous solution of 1 was added to the fruit homogenate and the mixture was vigorously stirred to mix it with air oxygen, which was the oxidant in this reaction. HPLC analysis of the initial reaction mixture showed broad peaks arising from 2 and 3, together with 1. 12 Subsequently, the mixture was heated to 80 °C. This procedure mimics the drying process in black tea production; it terminated the reaction by inactivating the enzymes and decomposed the unstable quinone dimers 2 and 3. 5 The products were first fractionated using a Diaion HP20SS column chromatograph and then separated by combinations of column chromatography using Sephadex LH-20, Chromatorex ODS, Toyopearl HW40C, and MCI-gel CHP20P, to give theasinensins C (4) and E (5), 6 9-11. The major products were 4 and 5, which are diastereomeric dimers of 1 with different atropisomerisms of the biphenyl bonds. These isomers are known to be produced by reduction-oxidation dismutation of 2. C NMR spectra. In contrast to the symmetrical structures of 4 and 5, the NMR spectra had two sets of signals of flavan-3-ol units, and the large coupling constant of one of the two C-ring H-2 atoms (J = 9.3 Hz, H-2') indicated that 6 is a C-2 epimer of 4 or 5 (J 2,3 < 2 Hz). The epimerizations of 4 and 5 were therefore examined by autoclaving their respective aqueous solutions (120 °C for 30 min). 20 In both experiments, rotation of the biphenyl bond (4 → 5 and 5 → 4) was not observed. Heating of 5 yielded 6 and a new isomer 7, which has a symmetrical structure with two 2,3-trans C-rings (J 2,3 = 8.8 Hz), and was named neotheasinensin E. In contrast, heating of 4 under the same conditions yielded only one epimerization product, named isotheasinensin C (8), together with recovery of
4.
The 1 H NMR spectrum of 8 indicated that one of the two C-2 atoms of 4 was epimerized. Based on these results, the structure of 6 was confirmed, and it is shown in Fig. 2 . The presence of isotheasinensin E (6) in commercial black tea was confirmed by chromatographic separation and spectroscopic identification (isolated yield: 0.008%).
The results also revealed a difference in reactivities at the C-2 position, based on different configurations of the biphenyl bond. The unsaturation index (18) calculated from the molecular formula, which was deduced from the results of FABMS and elemental analysis, indicated the presence of two ether linkages. These spectroscopic findings and examination using Dreiding models led us to construct the structure shown in Fig. 3 , in which two ether linkages were formed between the C-ring C-3 and B-2, and between Bʹ-3 and B-1. The structure was supported by strong NOESY correlation between the C-ring H-2 and B-6 methylene protons. The NOE correlation also determined the configuration at the B-1 to be S. Furthermore, examination of molecular models indicated that the conjunction between the two five-membered rings should be cis, so the B-2 configuration was also S.
Based on these results, the structure of 9 was concluded to be as shown in Fig. 3 . (Fig. 5) . The NOE correlations also confirmed the configurations at B-1 and B-2.
Thus, the structure of product 10 was determined to be as shown in Fig. 3 .
Compounds 9 and 10 were presumed to be oxidation products of dehydrotheasinensin E (12), which is an isomer of 2, obtained as an oxidation product of 1 in this experiment (Scheme 1). In the HMBC spectrum, correlations of H-b with a carboxyl carbon (C-j) and two olefinic carbons (C-a and C-h) confirmed the location of the carboxyl group as C-a.
Long-range couplings of the C ʹ -ring H-2 (δ H 3.85) with C-e, C-h, and C-i, and correlations of the methylene H-e with C-f, C-g, C-h, and C-i revealed the presence of a cyclopentenone ring attached to Cʹ-2. In addition, correlations of the olefinic proton H-d
with C-h and C-i suggested the planar structure of 11. The NOESY correlations shown in Fig. 6 are consistent with this structure. However, the configuration at C-i could not be determined spectroscopically. The configuration was presumed to be S, based on the following biogenetic considerations. Previously, we proposed the biogenesis of 3 by oxidation of 3a, which is a dimer of 1. 8, 11, 12 The pigment 11 was probably produced from the same intermediate 3a, as shown in Scheme 2, in which the configuration at C-i was retained throughout the process. Accordingly, the proposed structure of 11 is as shown in Fig. 3 . Black tea polyphenols are a complex mixture of the oxidation products of four tea catechins; however, only a few per cent of the oxidation products have been chemically characterized. In this study, we attempted to characterize the minor oxidation products of 1 in a large-scale model tea-fermentation experiment. Since 1 and its 3-O-gallate account for over 70% of tea catechins, the oxidation products of 1 are important for identifying uncharacterized black tea polyphenols. Theasinensins C (4) and E (5) (16% in total) were major products, and a new compound 6 was obtained in 2.5% yield. Presence of 6 in commercial black tea was confirmed in this study. Other known products, namely desgalloyl oolongtheanin, epitheaflagallin, and hydroxytheaflavin, were obtained in 0.3-1.3% yields. The yields of the new products 9, 10, and 11 were only 0.08%, 0.17%, and 0.1%, respectively, and we could not identfy these products in commercial black tea due to presence of so many related compounds.
In the initial reaction mixture, many other minor products were detected, which could not be purified in this study. These minor oxidation products, including those characterized in this experiment, probably contribute to the formation of thearubigins, a heterogeneous mixture of uncharacterized black tea polyphenols.
Experimental section

Materials
(−)-Epigallocatechin was separated from a commercial tea catechin mixture according to the methods described by Nonaka et al. and purified by recrystallization from H 2 O. 
Analytical procedures
UV spectra were obtained using a Jasco V-560 UV/vis spectrophotometer and optical rotations were measured using a Jasco DIP-370 digital polarimeter (Jasco Co., Tokyo, Japan). Tosoh Bioscience Japan, Tokyo, Japan) columns. TLC was performed using pre-coated 
Oxidation of epigallocatechin and heating of reaction mixture
This experiment was originally performed to confirm the production of epitheaflagallin and hydroxytheaflavin from 1. 
